A liquid-chromatographic technique with a post-column enzymatic reaction and fluorescence detection was validated for analysis of individual bile acids in the serum of rats. Extractionrecoveries averaged 91.1% (SD 6.9%) forallbile acids. The assay was sensitive (minimum detection of 16.8 pmol per 100-/LL injection), linear (r >0.999 for concentrations ranging between 45 and 112 500 pmol per 100-giL injection), and reproducible (mean CVs for three different concentrations of standards and a serum pool ranged from 4.4% to 12.2%).Inratstreatedforthreedays witheither neomycin, carbon tetrachlonde, a-naphthylisothiocyanate, or total bileduct ligation (five animals per group), total concentrations of bile acids were significantly increased (P <0.004). Concentrations of 16 of 17 individual bile acids differed significantly between groups (P <0.04). Examination of the relative concentrations (percent of total) of individual bile acids by canonical discriminant analysis placed each animal into the appropriate treatment or control group. Use of this technique in toxicological studies can help detect and identify specific types of disruptions in the enterohepatic circulation of bile acids.
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An increase in the total concentration of bile acids in the blood is a highly specific but variably sensitive indicator of impaired hepatobiliary function (1) (2) (3) (4) . The rate at which bile acids are absorbed from the intestinal tractis the primary determinant of their concentrations in the peripheral blood of healthy humans (5) (6) (7) , and it remains an importantfactor in establishing systemic concentrations in patients with chronic hepatic disease (7) . Alterations in the integrity of the intestinal segment can produce increases (8) or decreases (9) in the concentration and composition of bile acids in the enterohepatic circulation and, presumably, in peripheral blood. Additionally, mechanisms that directly or indirectly involve the hepatobiliary portion of the enterohepatic circulation can produce or contribute to abnormal concentrations of bile acids in peripheral blood. These include impaired hepatocellular extraction (5, 10, 11), decreased hepatic blood flow (10, 11) , and cholestasis (5, 12, 13 of trihydroxylated (primarily cholic acid) to dihydroxylated (primarily chenodeoxycholic acid) bile acids in serum (14). This finding has been confirmed by others (2, 15) . Because of the high frequency of hepatic injury in laboratory animals used in toxicology studies, biochemical tests of hepatobiliary integrity and function often are used. If changes in bile acid profiles similar to those described in people were to occur in laboratory animals, the determination of the concentrations of individual bile acids could provide valuable information about the existence and form of hepatobiliary disease during an experiment.
Concentrations of individual bile acids can be measured by various techniques, including gas chromatography (16), radioimmunoassay (17) , and "high-performance" liquid chromatography (in'ic) (18) (19) (20) .
Of these, the combination of m'i.c separation with a post-column enzymatic reaction and fluorescence detection (19, 20) permits free and conjugated 3a-hydroxylated bile acids to be measured with sensitivity and specificity as good or better than those of most other methods (21) . Here we validate this assay for the measurement of individual bile acids in serum from rats. Additionally, we report alterations in the concentrations of individual bile acids in rats given the following treatments to alter the enterohepatic circulation of bile acids: carbon tetrachioride (CC!4), neomycin, total bile-duct ligation
or a-naphthylisothiocyanate (rr). We wanted to determine whether such patterns could be used to identify specific types of hepatic damage and to evaluate the changes in the patterns in light of the known effects of the treatments.
Materials and Methods

Matenals
Bile acids. We prepared different concentrations of bile acid standards in methanol. Each contained cholic, taurocholic, glycocholic, chenodeoxycholic, taurochenodeoxycholic, glycochenodeoxycholic, deoxycholic, taurodeoxycholic, glycodeoxycholic, lithocholic, taurolithocholic, glycolithocholic, hyodeoxycholic, and ursodeoxycholic acids (all from Sigma Chemical Co., St. Louis, MO). Also included were taurohyodeoxycholic and glycohyodeoxycholic acids (Sterabids Inc., Wilton, NH). We conjugated tauro-/3-muricholic acid in our laboratory (22) from /3-muricholic acid (Sterabids Inc.). Because of limited quantities, tauro-/3-muricholic and f3-muricholic acids were used only to identify corresponding peaks in serum samples. Experimental protocol. Thirty female Fischer 344 rats (Charles River Breeding Laboratories, Wilmington, MA), three months of age, were randomally assigned to six groups (five per group). The rats had free access to water and food (purified diet with 30% casein; Teklad, Madison, WI). Animals were given the following treatments (by gavage) two times a day for three days: corn oil, 5 mL/kg of body weight; rr, 20 mg/kg, in corn oil (4.0 mg/mL); Cd4, 280 tUkg, in corn oil (100 UmL); or neomycin, 50 mg/kg, in isotonic saline (10 mg/mL). Individual doses of ANIT and CC14 were one-tenth the reported LD50 for rats (24). Animals in the fifth group received no gavage but were anesthetized on day 0 with methoxyflurane and the common bile duct was double-ligated through a midline incision (TBDL). Animals in the sixth group were anesthetized similarly; the common bile duct was exposed but not ligated (sham ligation). Blood from each animal was collected at the end of the third day from the right cardiac ventricle. Serum was separated and frozen at -20 #{176}C until it was extracted and analyzed. Statistical analysis. Differences in total concentrations of bile acids between control and treatment groups were examined using Wilcoxon's rank sum test (25). The relative concentrations (% of total) of individual bile acids were tested for differences between groups by using a KruskalWallis test, a nonparametric analog of one-way analysis of variance (25) . To examine the ability to identif' the treatment group to which an animal belonged, based on the bile acid profile, we used canonical discriminant analysis (cmisc) (26). A readable description of this technique is available (27) . Additionally, three bile acids that best discriminated between treatments were identifed by a stepwise selection procedure involving an analysis of covariance (26). Individual bile acids were chosen to act as covariates on the basis of their squared partial correlation with treatment means that had been adjusted for covariates already selected (STEPDISC).
Buffers
We produced a three-dimensional plot of the concentrations of the bile acids selected by this procedure.
Assay Evaluation
Linearity.
For linearity studies, we prepared standards containing equal concentrations of each bile acid dissolved in methanol, then diluted these to allow equal injection volumes (100 pL) that would contain 45, 450, 4500, 9000, 22 500, 45 000,67 500, or 112 500 pmol of each bile acid. We made three injections for each concentration and determined linearity of response by calculating a least-squares line for each bile acid; all lines were forced through the origin (y = b . x).
Analytical
recovery. Recovery studies were performed by comparing the differences in responses (peak areas) for bile acids in normal and bile acid-supplemented serum samples with those for bile acids in methanol standards. We extracted 1.0-mL aliquots of pooled rat serwn, either without treatment (blank) or after addition of a methanol standard (100 L) containing 450 or 225 000 pmol of each bile acid. We analyzed six serum samples for each condition (blank, 450 pmol, and 225 000 pmol).
Reproducibility.
To evaluate reproducibility (CV), we extracted (for serum) and analyzed, in no set order, 10 injections each of 1.0-mL aliquots of pooled rat serum and of 100 iL of methanol standards containing 45, 450, or 4500 pmol of each bile acid during eight consecutive days.
Interfering substances. The potential effects of interfering substances were examined as follows. During the analysis of all serum samples from the experimental protocol, we used two fluorescence detectors. Detector A was positioned between the introduction point of the Tris-NAD + buffer and the enzyme column. Thus, detector A would detect only substances that had not been enzymatically reacted, i.e., would not measure 3a-hydroxylated steroids. Detector B was placed directly after the enzyme column. Substances detected with B and not with A would require the enzymatic reaction and would be 3a-hydroxylated steroids. For each sample, we recorded and compared chromatograms from detectors A and B. In addition, we examined the specificity of the enzyme preparation by making injections (100 nmol in 100 L of methanol) of the following compounds: testosterone, androsterone, progesterone, estriol, etiocholan-3/3-17-one, and 5a-cholanic acid-3a-ol-6-one (all from Sigma Chemical Co.).
Sensitivity.
Sensitivity was determined as the concentration of a bile acid that corresponded to the voltage deflection for a peak that was twice the mean value of the baseline noise (28).
Results and Discussion
The HPLC assay resolved all bile acids included in the standards (Figure 1) . Generally, bile acids that were trihydroxylated eluted before those that were dihydroxylated, which, in turn, preceded those that were monohydroxylated. However, with this method, the dihydroxylated bile acidshyodeoxycholic acid and its conjugates, and ursodeoxycholic acid-had elution times similar to those for trihydroxylated forms, i.e., cholic acid and its conjugates. This overall See Table 1 for identificationof abbreviations pattern, including the accentuated hydrophilic properties of hyodeoxycholic and ursodeoxycholic acids, could have been predicted considering the structure-motility relationships of bile acids on reversed-phase systems (29) . Additionally, the free form of each bile acid was eluted before the glycine conjugate, which was eluted before the taurine conjugate.
Assay Evaluation
Linearity.
For each bile acid, there was a strong linear correlation between peak areas and concentrations (P <0.0001) and the correlation coefficients (r) were all >0.999. The mean slope was 1.16 (SD 0.12), but ranged from 0.88 for taurohyodeoxycholic acid to 1.42 for glycolithocholic acid.
Reproducibility.
For methanolic standards of 45, 450, and 4500 pmol per 100 pL, the average CVs were 11.5, 4.4, and 5.7%, respectively (Table 1) . Results from the serum pool were similar, in that samples with low concentrations of bile acids had greater CVs than those with higher concentrations. The mean CV for all bile acids in the serum samples was 12.2%; this increase over that for the standards can be attributed to the extraction of the serum samples. 
Sensitivity.
From a mean baseline noise of 0.312 mV and a deflection of 16.667 mV for a 450-pmol injection of cholic acid (in 100 L of methanol), we calculated the detection limit to be 16.8 pmol, which is similar to previously reported results for this type of assay. For quantifying free and conjugated bile acids, this sensitivity is exceeded only by that of radioimmunoassay (21).
Interfering
substances.
During the analysis of samples from animals in the experimental groups and of standards (450 pmol/100 j.tL), chromatograms were recorded from detectors placed immediately before (detector A) and after (detector B) the enzyme column. No peaks were recorded with detector A during analysis of the standards. In all serum samples, one or two nonspecific compounds (detected with A and B) were consistently eluted before all bile acids. In samples from animals in the two control groups and those treated with neomycin, an additionalthree small peaks were detected inconsistently at reproducible elutiontimes during the analyses. Also, as many as 13 other nonspecific peaks were detected in samples from animals treated with CC14,ANIT, or TBDL. The combined areas for the nonspecific peaks never exceeded 1.5% of the total area (specific + nonspecific). In all cases, we compared the chromatogram recorded with detector A with the appropriate one from B and discounted any nonspecific peaks. No attempt was made to identify these compounds.
Of the six steroid compounds we analyzed, none was detected nonspecifically (detector A and B) and only androsterone and 5a-cholanic acid-3a-ol-6-one were detected enzymatically (detector B). The responseswere similar in magni- Table 1 .Recovery and Reproducibility of Bile Acids tude to those for a comparable injection of a 5/3-bile acid. The 3a-hydroxysteroid dehydrogenase reacted well with a nonbile acid steroid having a 3a-hydroxyl group (androsterone) and with an allo-bile acid (5a-cholanic acid-3a-ol-6-one). There were no responses with the 3-keto steroids (progesterone, testosterone) and no evidence of 3/3 activity (no reaction with estriol or etiocholan-3J3-ol-17-one) intheenzyme preparation.
Experimental Protocol
The assay provided excellent sensitivity and resolution of bile acids in the serum of rats (Figure 2) . Greater than 50% of the total concentrations of bile acids were taurine conjugated. As many as eight unidentified compounds that required the enzymatic reaction for detection were present. The relative concentrations of five of these were included in the data set (Figure 3) . Total concentrations of bile acids in 1859 animals in treatment groups were increased, sometimes dramatically, when compared to those in control groups. Using Wilcoxon's test, we found significant differences in total concentrations of bile acids between animals treated with corn oil and those treated with CCI4 or ANIT; between rats with sham ligations and those with TBDL; and between rats in either control group and those that were given neomycin (for all, P <0.004). Concentrations between animals in the two control groups (corn oil, sham ligation) were also significantly different (P <0.048). Using these treatments, we expected (and observed) differences in absolute concentrations of individual bile acids in animals within and between the various groups. These differences presumably reflected normal animal-to-animal variation, dose levels that were selected, and mechanisms of action of the treatments. To reduce the variation in absolute concentrations by having these values directly reflect the compositional characteristics oftheperipheral bileacidpool, which is unrelated to the first, has the second highest correlation. In addition to generating scores for the current variables, canonical coefficients produced during the analysis of these or other data can be used to evaluate bile acid profiles from future experiments.
By identifying three bile acids (tauro-f3-muricholic acid, taurohyodeoxycholic acid,unknown 1) that best discriminated between treatments and by plotting the concentrations in each animal, we were able to distinguish most groups ( Figure 5 ). Except for overlapping concentrations of tauro-/3-muricholic acid between rats with TBDL and ANFF
I9)
and a moderate degree of variability in concentrations in the controls, separate clusters were formed by animals within each group. Although these bile acids adequately defined the groups, one cannot assume that the same three would be (8) . Taurocholic acid, which is more efficiently absorbed from the intestines than tauro-f3-muricholic acid (8) , reportedly inhibits its own synthesis better than it inhibits that of taurochenodeoxycholic and, therefore, the muricholates (31) . In germ-free rats, the concentration of /3-muricholic acid in bile can equal that of cholic acid (8) . Reportedly, conventional rats fed antimicrobials develop characteristics of germ-free animals (32). Although neomycin doesbinddihydroxylated bileacids(33), intherat,theeffects on cholesterol and bileacidmetabolism appear to be related to the antimicrobial activity (32).
The mechanism of Cd4 hepatotoxicity has been extensively investigated and reviewed (34, 35). After P-450-mediated metabolism, the resulting trichloromethyl free radical attacks unsaturated lipids in endoplasmic reticulum, producing peroxidation and membrane damage. Because the process predominates in the region of the lobule that is rich in smooth endoplasmic reticulum, the resulting cellular injury and disruption of protein metabolism can produce hepatocellular necrosis and fatty change with a centrilobular distribution. Acute to subacute biochemical changes in peripheral blood of animals administered Cd4 include increased activities of alanine and aspartate amino- forms. Differences between the two treatments consisted mainly of the marked increase in unknown 3 and the moderate increase in taurochenodeoxycholic acid produced by rr but not by TBDL. The profiles reflected the effects of treatments that impaired the flow of bile from the liver to the intestinal tract and, thereby, decreased or precluded the formation and recirculation of secondary bile acids. Because of increased synthesis or decreased loss and degradation, or both, the relative concentrations of taurocholic and tauro-13-muricholic acids were increased by approximately 1.5 to 7 times, respectively.
In a study of the effects of TBDL in monkeys, hepatic synthesis of bile acids was decreased (42) . In the rat, TBDL produced increased activity of hepatic microsomal 6/3-hydroxylase (43) with a resulting increased production of /3-muricholicacid (43, 44) . During a 15-dayperiodafter TBDL in rats, Kinugasa et al. (44) reported an overall increase in the rate of bile acid synthesis with maintained production of cholic acid and increased production of chenodeoxycholic acid (metabolized to f3-muricholic acid). Hardison and associates (43), however, found no evidence of a change in total bile acid synthesis in rats during an initial 48-h period after TBDL, but did report a relative increase in the concentration of /3-muricholic to cholic acid. By being able to convert a dihydroxylated bile acid (chenodeoxycholic) that is potentially damaging to cellular membranes and cytochrome P-450 to relatively innocuous trihydroxylated forms (muricholates), rats may circumvent the accumulation of hepatotoxic concentrations of specific bile acids (45). Administration of ANIT to rats produces hyperbilirubinemia, decreased bile flow and bile acid excretion, sulfobromophthalein retention, hepatocellular damage, and a necrotizing cholangitis (46) (47) (48) . The appearance of biliary constituents in blood may be related to increased permeability of tight junctions (49, 50) . The toxic effects of ANFF appear to be mediated by a metabolite resulting from bioactivation. through a cytochrome
P-450-dependent
S-oxidative pathway (51) . Based on the relative concentrations of bile acids in serum, the extra-(mDL) and intrahepatic (ANn) cholestatic treatments produced similar but distinguishable profiles. The increased concentration of unknown 3 that occurred in animals treated with ANIT but not with TBDL is intriguing. The identity of this compound, the mechanism responsible for the increase, and the ability to reproduce this change with this and other treatments remain to be demonstrated.
The changes that were produced in the bile acid profiles were consistent with the biological effects of the treatments. Canonicaldiscriminant analysis of the relative concentrations of individual bile acids in the animals resulted in the placement of each rat into the appropriate treatment group.
The ability to distinguish between these treatments based upon bile acid profiles provides preliminary evidence that, in the rat, specific types of disorders of the enterohepatic circulation may be identified by analysis of individual bile acids in serum. However, because of small numbers of samples and treatments, these data have to be interpreted cautiously. Concentrations of bile acids may be affected by factors such as age, sex, diet, and environmental conditions, and additional experiments with larger numbers of animals and more types of treatments must be conducted before the validity of this approach can be determined. We believe that continued application of the assay will define the ability to detect and identify disorders of the enterohepatic circulation based on bile acid profiles in rats, and also that the technique can be used to investigate the complex metabolic interactions that regulate cholesterol and bile acid metabolism.
